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ee INTRODUCTION 


The Inter-tropical Convergence Zone (ITCZ) and the 
South Pacific Convergence Zone (SPCZ) contain the most 
expansive cloud bands on earth. Studies of these two 
tropical zones are motivated by their important roles in the 
earth's climate and in the development of tropical cyclones. 
This paper will study the motion systems in the vicinity of 
these zones during the northern winter monsoon (Australia 
summer monsoon), which occurs from December 1996 to March 
oO 7 

The large-scale convection center moves from 
south/southeast Asia during the northern summer monsoon to 
the maritime continent and northern Australia equatorial 
region during the northern winter monsoon, which increases 
convection and produces favorable conditions for tropical 
cyclone development. The ITCZ and SPCZ convection is 
effected by other large-scale tropical convection systems as 


well, such as the Madden-Julian oscillation (Madden and 


Julian 1971), the northeasterly cold surges, and tropical 
synoptic-scale waves. Both the ITCZ and the SPCZ are 
characterized by strong low-level cyclonic vorticity. When 


the ITCZ and SPCZ are active, convection is enhanced and may 
be favorable for tropical cyclone development. 
In the Indian and West Pacific Oceans, studies by 


Liebmann et al. (1994) showed that more favorable conditions 


exist for the occurrence of tropical depressions and storm 
development during the active or convective phase of the 
Madden-Julian oscillation (MJO). The storm development 
appears to be related to the large-scale low-level cyclonic 
vorticity and convergence that occurs westward and poleward 
of the MJO convection (Liebmann et al. 1994). The MJO is a 
global scale disturbance within the tropics whose period 
varies between 20-60 days, with the most frequent occurrence 
around 45 days. The oscillation signal can be seen in the 
convection and wind fields in the Eastern Hemisphere, but 
only in the wind fields in the Western Hemisphere. The 
convection follows the semi-annual migration of the ITCZ 


across the equator. 


Several studies (Rui and Wang 1990; Wang and Rui 1990; 
Weickmann and Khalso 1990) showed that during the onset of 
the MJO, convection remains almost stationary over the 
eastern Indian Ocean. The convection then propagates 
eastward and weakens when moving over the maritime continent 
(Indonesia and Malaysia) and moneren Australia. The 
convection continues to propagate eastward and intensifies 
above the warm water of the western Pacific Ocean. The 
eastward movement slows as the convection moves towards the 
dateline where it weakens before moving toward the eastern 


Pacific Ocean. This study shows that the primary convective 


signal slows down and propagates to the southeast into the 
SECZ . 

There are two main signatures of the MJO; the "super 
cloud cluster"(SCC) and the westerly wind burst (WWB). 
Nakazawa (1988) studied the structure of the SCC with 3 
hourly geostationary OLR data and found that the SCC and 
associated westward-moving cloud clusters were confined 
within 15 degrees of the equator. Zangvil (1975) showed 
these eastward moving clouds or SCCs in a time-longitude 
cross section to be more evident on the summer side of the 
eqUudtenge me SCGaausw defined as a ldmge, area Gh organized 
convection whose dimension can extend 1000 km from west to 
east and have duration of 2 and 10 days border. There 
exists smaller cloud clusters whose lifetime ranges between 
2 and 10 days and propagate to the west within the SCC. The 
propagation speed of the SCC usually ranges between 5 and 15 
m/s. The propagation is due to new cells of cloud clusters 
forming on the eastern border and dissipating cloud cells on 
the western border (Ferreira et al. 1996). Consequently, the 
SECCMOrPM the wigO “ierces themei reulation@pattermp whichwhas 
been described as being Rossby gyres and near equatorial 
wind bursts to the west of the convection and a Kelvin wave 
Signature to the east of the convection. rhe <circulaeron 
pattern propagates with the MJO convection eastward from the 


Indian Ocean to the western Pacific where the Kelvin wave 


breaks free of the dying convection and propagates faster 
into the Western Hemisphere (Ferreira et al. 1996). 

Leibmann et al. (1994) showed that large-scale, slowly 
varying anomalies such as the MJO can produce favorable 
Gonditions™@£or cluster@ng %f tropiteal Wevci¥ones. With the 
arrival of the MJO, cyclones tend to form around the low- 
level vorticity that is poleward and westward of the MJO 
convection. As mentioned previously, the signal of the MJO 
is strong between 5-15 degrees latitude of the summer 
hemisphere, which coincidentally is where tropical cyclone 
development iS most prevalent. Liebmann et al. (1994) 
concluded that the MJO does influence the development of 
tropical cyclones but not in a unique fashion. They 
observed more tropical cyclone development in the convective 
phase than the dry phase of the MJO because there were more 
tropical depressions to begin with. But, the percentage of 
depressions that developed into tropical cyclones is the 
same between the convective and dry phases of the MJO. 

Another large-scale convection system that affects the 
tropics during the northern winter is the northeasterly cold 
surge. From 20N to the equator, the northeast monsoon winds 


covers a broad tropical area from Southeast Asia to the 


Central Paeific. Ducing eed surge events, the 
northeasterly flow freshens. There can be dramatic effects 
on synoptic- and planetary-scale convective patterns. The 


first effect 1S a general increase of deep convection over 


the maritime continent during the winter monsoon as the cold 
surges seem to spawn near-equatorial cloud systems. 
Localized episodes of heavy rainfall and flooding often 
eccurs during Strong cold surge events. Secondly, the cold 
surge has an influence on the associated convection and 
circulation pattern of the Southern Hemisphere (Australian) 
summer monsoon and its onset (Johnson and Houze 1987). 
Thirdly, the northeasterly cold surge has ae possible 
influence on Southern Hemisphere tropical storms. The winter 
monsoon pattern varies from early to late winter; 
northeasterly flow across the South China Sea is strongest 
and deepest in early winter and becomes shallower and weaker 
toward the end. The peak convection of the Australian 
Summer monsoon occurs in late January and February when the 
near equatorial trough lies between 10 and 15 degrees south 
(Johnson and Houze, 1987). 

Another disturbance that will be studied is the 
tropical synoptic waves often called "easterly waves". This 
wave is more easily detected as a low-level cyclonic 
disturbance moving from east to west. The system can bring 
either convection into the region, or have only cyclonic 
low-level winds without significant convection. Tne as 
study, we will show that sometimes they can interact with 
pre-existing convection in the area to produce heavy 


convection, flooding and tropical storm development. 


The purpose of this work is to study the possible 
interactions among the transient large-scales systems, such 
as the MJO, northeasterly cold surges and easterly waves, 
and their roles in development of tropical cyclones. The 
period of the study is from 1 December 1996 to 31 March 
1997, using the Geostationary Meteorology Satellite (GMS) 
water vapor IR data and National Center for Environmental 


Predication (NCEP) reanalysis fields. 


II. DATA 


Data used for this paper were the radiance observations 
from the water vapor channel of Geostationary Meteorological 
Satellite infrared (GMS IR) data taken at 0.5 x 0.5 degree 
resolution and the National Center for Environmental 
Prediction (NCEP) ‘reanalysis 1000 hPa wind field at 2.5 x 
2.5 degree resolution. The GMS data were used to identify 
convection patterns and the NCEP data were used to Aer ine 
low-level circulations. For both data sets, only daily 
averages are used. The period of this study was between 
December 1996 and March 1997 and was chosen because the NASA 
Scatterometer (NSCAT) data fields could be used to 
supplement the GMS and NCEP data in order to verify tropical 
wave and tropical cyclone positions. 

The area used of study is 30N to 30S, 90E to 160W 
CELTS oo ll) x: Some convection and tropical cyclone 
development are concentrated in the equatorial region, so 
only GMS water vapor data from 20N to 20S were used. Two 
area-averaged indices were defined; a convective index (CI) 
that was derived from the GMS data, and a cold surge index 
that was computed from the 1000 hPa wind. 

The CI was calculated by first converting the radiance 
values to their equivalent blackbody temperature (TBB). If 


the TBB was less than or equal to 255K then the CI was set 


to 0 and those values above it were set to respectively from 
1 to 70. For example; 


TBB<=255 CI=0 
TB Bs 255 = 2 oe EE 1<=CI<=70 


The cold surge index was calculated from the meridional 
(v) component of winds at 7.5N, 105E-115E, which is the 
southern part of the South China Sea. Next, the cold surge 
index (v) was used to define the cold surge events, and were 
composited according to the time relevance to the surge 
event. The beginning of a "Surge" is defined as day 0 which 
is the day of weakest northerly winds. An event was 
identified if the northerly acceleration can be sustained 
for at least three days and/or reach approximately -4.5 m/s. 
There were 7 surge events during the four-month period. The 
composites were done daily from four days prior to the 
beginning of the surge to five days after the beginning of 
the surge. 

All tropical depression and cyclone positions were 
extracted from the Joint Typhoon Warning Center (JTWC) 
archives (JTWC 1997) with additional collaboration using the 
monthly Darwin Tropical Diagnostic statements published by 
the Bureau of Meteorology Northern Territory Region 
(BM/NTR) (BM/NTR 1997). Since the purpose was to study the 
development of tropical cyclones (TC), positions of tropical 


depression, when the sustained winds reached 30 knots, were 


identified as "pre-formation" occurrences. The events that 


fede weemEneseuOCCUrrenceauwall bo ene Locus of this study. 


Figure 1. 
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The region of interest for this study. 


III. MEAN FLOW 


Before looking at any of the analysis, the mean flow of 
the region will first be discussed. The 1000 hPa synoptic 
flow will be examined in conjunction with the convection 
patterns using the convective index from the GMS data. The 
December 1996 to March 1997 season will be discussed over 
the area in Figure 1. The general characteristic of the 
winter monsoon circulation systems and cloud patterns have 
shown that the most extensive, vigorous clouds are found to 
the north of the Southern Hemisphere monsoon trough axis, 
from Sumatra across Indonesia to the southwest Pacific 
(Johnson and Houze 1987). The general circulation and 
convection pattern will be examined initially by using 


monthly average charts and a seasonal average chart. 


A. CIRCULATION PATTERN 


The 1000 hPa monthly average synoptic flows’ are 
depicted for December 1996, January 1997, February 1997, and 
Memeh 1997 1n Figure 2. Figure 3 shows the seasonal average 
that covers all four months. Both the monthly and seasonal 
means show that northeasterly trades prevail over most of 
the region between the equator and 20N. A strong north to 
south cross-equatorial flow is seen across the South China 
Sea region in December through February with a slightly 


weaker crossing in March. In addition, there is also strong 


eet 


cross-equatorial flow to the east of the Philippines. Both 
of these cross-equatorial flows enhance the cyclonic 
vorticity to the south and southeast of New Guinea in the 
SPCZ region. In March 1997, there is stronger cross- 
equatorial flow between 125E and 150E, which sets up a 
cyclonic vortex between 5S to 15S, and 150E to 180. To the 
west of this vortex, another closed circulation appears 
Seoul ESS elon co L60R: This circulation appears to be 
strongly incluenced by the southern midlatitudes. 

As these Northern Hemisphere northeasterlies cross the 
equator, the flow turns westerly into the Australian summer 
monsoon trough located between 10S and 20S from 90E into 
Northern Australia. As the flow crosses the equator and 
turns westerly, this sets the patterns needed for the ITCZ 
and SPCZ circulations. Convergence zones are set in the 
eos monsoon region, between 90E to approximately 
140E, and cyclonic circulation occurs in the SPCZ to the 
southeast of New Guinea into the southwest Pacific Ocean. 
Two specific circulation patterns stand out in the Southern 
Hemisphere, the strong cyclonic circulation in the SPCZ 
region and the cyclone/anticyclone pair to the west of 
Australia between 10S and 30S. There is strong cyclonic 
turning to the south and southeast of New Guinea, which 
depicts the SPCZ region. The strongest circulation appears 
to be in January and March where there is strong cross- 


equatorial flow and enhanced flow from the Southern 


az 


Hemisphere midlatitude systems, which is apparent from the 


band of 5 m/s winds to the south. The second Southern 
Hemisphere cir@éulation that stands Sue is the 
evelene/ant i eyelone =palr sre sthne wesimeor —Australia. This 


circulation is evident in each monthly average and will 
later be seen on the daily charts as well. In January and 
February the anticyclone appears to be stronger than the 
Cyclonic Circulamuon: The cyclone appears to maintain a 
constant intensity from December through February and then 
weakens in March to become a simple trough or open wave. 
These patterns will be related to the northeasterly cold 


surge in the next chapter. 


B. CONVECTION PATTERN 


The convection pattern will also be discussed using 
monthly average CI (Figure 4) and the seasonal average 
(Figure 5) . As seen on the monthly and seasonal charts the 
strongest convection occurs to the south of the equator or 
in the summer hemisphere monsoon region. The seasonal CI 
chart blends all the convection so it appears to be one 
large band. [In fact eeecen Mente mmecmmonran the variation is 
quite large. In December, January, and February the 
strongest convection is in the west while in March the 
strongest convection is in the Central Pacific. This shift 


in strong convection has also been documented in other 


Studies (Sul and Lau 1992). When convection flares east of 
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Sumatra then there is usually reduced convection in the 
central Pac»iacwe The ITCZ and SP@Z clowd areas can clearly 
be seen in these Figures. The ITCZ is oriented zonally to 
the north of the equator and the SPCZ is oriented from New 
Guinea to the southeast. The, impostant ‘aspect bo thas 
season is that the strongest convection is in the summer 
hemisphere, or in the Australian Monsoon region. In the 
daily charts, which will be shown in Chapter VI, there is 
convection to the north of the equator but this is due to 


late season tropical cyclone development. 
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Figure 2. The monthly average winds for 1000 hPa from 
December 1996 (top), January 1997 (second from _ top), 
February 1997 (third from top), and March 1997 (bottom). 
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Figure 4. The monthly average clouds using the convective 
index (CI). Months are configured the same as Figure 2. 
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Figure 5. The seasonal average convection using the CI. 
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IV. SOUTH CHINA SEA/WEST PACIFIC COLD SURGES 


inetall eee hememt cero, Lhe “northeasterly wacold surge 
on the circulation patterns of the regions is examined. The 
northeasterly cold surge is characterized by sold 
continental air from the east that is funneled equatorward. 
The sharp drop in temperature in East Asia is accompanied by 
a "surge" of northeasterly wind into East China and the 
South China Sea (Boyle and Chen 1987). The average zonal 
(u) and meridional (v) wind components over the South China 
Sea from 7.5N, 105E to 115E are used to define a surge 
event. The time series of the average wind components 
(Figure 6) indicates that the zonal and meridional wind 
components are positively correlated. When the easterlies 
are weak (smaller negative values), the northerlies are also 
weak (smaller negative values). A surge index was defined 
using the v component of winds. Day O of the surge is 
defined when the northerly winds were weakest (less 
negative). Composite diagrams of total winds were taken from 
4 days prior to the surge to 5 days after the surge. There 
were 7 surge events during this season (Table 1). By 
comparing the composites (Figures 7-16) it will be seen that 
as the northeasterlies increase (decrease) over the South 
China Sea the intensity of a cyclonic circulation in the 
Southern Hemisphere also increases (decreases). In addition 


there are clearly two branches to the surge’ that occur 


ee, 


almost simultaneously. The first is the increase of wind 
speeds over the South China Sea and the second is the 
increase to the east of the Phillipines. 

Four days prior to the beginning of the surge, it is 
evident from Figure 6 that as the beginning of the surge 
(Day 0) is approached the northeasterlies weaken. At day -4 
(Figure 7), the northeasterly winds cover almost the entire 
area from approximately 5N to 20N then proceeding toward day 
0 (Figures 8-11) the northeasterlies weaken as they retreat 
northward and also do not extend as far to the east. 

The Southern Hemisphere response appears directly 
correlated with the South China ‘Sea surge. As the surge 
weakens (Figures 8-11) and there is less cross-equatorial 
flow, there is less cyclonic response along northwestern 
Australia and in the SPCZ region. Beginning in the west, 
the anticyclone, cyclone couplet between 10S and 30S to the 
west of Australia weaken as time progresses from 4 days 
prior to the beginning of the surge to the beginning of the 
surge (day 0) (Figures 7-11). At day -4, the anticyclone 
covers an area from 7.5S to 30S and 90E to 107.5E. 
Proceeding to Day 0, the zonal extent shrinks but the 
anticylonic does not reach as far north. The cyclone 
adjacent to the anticyclone begins as a closed circulation 
on shore at day -4 then moves offshore and weakens. By day 


0, the circulation is much weaker and moves onshore again. 
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As seen in the time series (Figure 6) after the 
beginning of the surge, day 0, as northerlies increase and 


it is assumed that the Southern Hemisphere response will 


also increase. Proceeding in time from day 0 (Figures 11- 
16), the band of northeasterlies broadens in both latitude 
and longitude and also strengthens. The cross-equatorial 


flow becomes much stronger in the South China Sea and the 
Philippine Sea as time progresses to day 5. The Southern 
Hemisphere response acts in the same manner; as time 
progresses and the northeasterly surge strengthens the 
cyclone/anticyclone off of Northwest Australia and the 
circulation in the SPCZ both increases. Starting in the 
west, the cyclone begins to strengthen and have a much more 
Geupact Cimeculation. The anticyclone pyoatens in latitude 
and longitude and the intensity also increases. In the SPCZ 
region, the cross-equatorial flow contributes to increasing 
the low-level circulation. The other factor that 
contributes to increases in circulation is the 5 m/s winds 
from the southeast, which broaden in longitude and helps 
mcreasewtner emelonic VOrticity. 

As the northeasterly cold surges strengthen and the 
Southern Hemisphere responses also increase, the areas 
become favorable BO Cihopacal cyclone development. 
Increased low-level vorticity northwest of Australia and in 
the SPCZ produces an environment that is conducive for 


tropical cyclone development (Gray 1979). 


Zl 


V¥ wind speeds U wind speeds 





= | | | | 

a bd oo bk Ww O eo 2» K © © 

aT 

no 

= 

NO 

nS 

he 

i) 

= > : 

=) © O 
a a 

: Q Q 

nS 

os < S 
= = 
S S 

=< 6?) 

co S S 

oS Cc & 
=: ay 
O QO 

: z : 
3 5 
a m 
on 62) 

: : 

CO 

WW 

= 

Ww 

ar 

GO 

NS 

WW 

cS 

Figure 6. Times series of the u and v wind components 


averaged over 7.5N, 105E-115E. Northerly and easterly winds 
are indicated by more negative values. 
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South China Sea 


Sd 


1 Dec 96: 
2 Dec 96: 
3 Dec 96: 
4 Dec 96: 
5 Dec 96: 
6 Dec 96: 
7 Dec 96: 
8 Dec 96: 
9 Dec 96: 
10 Dec 06: 
11 Dec 96: 
12 Dec 96: 
13 Dec 96) 
14 Dec 96: 


15 Dec 96: ma 


18 Dec 66 
19 Dec 96: 
20 Dec 06: 
21 Dec 96. 
22 Dec 96: 
23 Dec 96: 
24 Dec 96: 


25 Dec 96 
26Dec96; 


27 Dec 96: 
28 Dec 96: 
29 Dec 96: 
30 Dec 96: 
‘31 Dec 96° 


a 


-5 


-5 
A 


secuuececentocestecd 
4 


eserves 


1 Jan 97: 
2 Jan 97: 
3 Jan 97: 
4 Jan 97: 
5 Jan 97: 
6 Jan 97: 
7 Jan 97: 
8 Jan 97: 
9 Jan 97: 
10 Jan 97: 
11 Jan 97: 
12 Jan 97: 
13 Jan 97: 


1aJan97 
16 Jan 97: 


27a OF HFS 00000 cODCCCCTgs COEvES J feo ccc cocess ce enes sec cesesescecost 


qa oy aor 


18 Jan 97: 
19 Jan 97: 
20 Jan 97: 
21 Jan 97: 
22 Jan 97: 
23 Jan 97: 
24 Jan 97: 


26 Jan 97 OT 
26 Jan97i 2 


27 Jan 97: 
28 Jan 97: 
29 Jan 97: 


30 Jan oF el. 


Tepe 
2 Feb 97: 
3 Feb 97) 
4 Feb 97! 


5 Feb 97) 
6 Feb 97) 


8 Feb a7 

9 Feb 97: 
10 Feb 97: 
11 Feb 97: 
12 Feb 97: 
13 Feb 97: 
14 Feb 97: 


18 Feb 97: 
19 Feb 97: 
20 Feb 97: 
21 Feb 97: 
22 Feb 97: 
23 Feb 97: 
24 Feb 97: 
25 Feb 97: 


“126 Feb ov, 


27 Feb 97: 
28 Feb ae 


-5 
4 


iS Feb 67S 
17 Feb 97: 


-5 
“4 


-2 
-4 


1 Mar 97: 
2 Mar 97: 
3 Mar 97: 
4 Mar 97: 
5 Mar 97: 
6 Mar 97: 
7 Mar 97: 
8 Mar 97: 
9 Mar 97: 
10 Mar 97: 
11 Mar 97: 
12 Mar 97: 
13 Mar 97: 
14 Mar 97: 


18 Mar 7 
19 Mar 97: 
20 Mar 97 
21 Mar 97 
22 Mar 97: 
23 Mar 97: 
24 Mar 97: 
25 Mar 97 


2/ Mar a7 
28 Mar 97: 
29 Mar 97: 
30 Mar 97: 





Table 1. Northerly surge events based on the v wind component 
index. Seven events were found and day 0 is the day of 
weakest northerly winds defined as the beginning of the surge. 
Composites were taken from day -4 to day 5. 
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Figure 7. 
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Figure 9. 
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Figure 10. 


Sea Surge. 
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The beginning of the South China Sea surge, 


which is the day of the weakest northerly winds. 
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One day after the beginning of the South China Sea 
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Two days after the beginning of the South China 


Figure 13. 


Sea Surge. 
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Three days after the beginning of the South China 


Figure 14. 


Sea Surge. 
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Five days after to the beginning of the South 


China Sea Surge. 


Figure 16. 
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Vv. TIME SECTION OF THE CONVECTIVE INDEX (CTI) 


To wshow. the time evolution of the tropicaleeclemud 
clusters, time-longitude cross sections of the CI for three 
different latitudinal bands are plotted. Figures 17, 18 and 
19 show the CI averaged between the equator and 10N, between 
SS and 5N, and between 15S and the equator, respectively. 
From these diagrams it bibl be easier to trace both standing 
and propagating cloud patterns. For example, the MJO would 
appear as eastward propagating waves with a period of around 
30-60 days, where the cloudy areas are the wet phase and the 
relatively clear area are the dry phase. AS a reminder, 
most of the convection will occur in the summer hemisphere, 
so in this case the 15S-equator strip (Figure 19, which 
covers the Australian monsoon trough axis, is expected to 
contain more convection. 

Figure 17 shows the CI averaged between the equator and 
10N, or the activity that is in the winter soa The 
chart shows that the majority of the convective activity 
occurs west of the dateline. It appears that the most 
active convection occurs during most of December over the 
eastern Indian Ocean and over northern Sumatra and 
northwestern Maylasia to the east of Borneo (90E to 120E). A 
weaker signal of convection occurs over the same area during 
February. This chart show both westward and eastward 


propagating cloud patterns. Several westward-propagating 


S5 


cloud clusters may be associated with tropical easterly 
waves. The more prominent clusters are in mid to late 
December and there is a stronger one in mid to late January 
that starts near 170E. There are two eastward-propagating 
patterns that start from the western boundary in early 
December and around 9 February. The former appear to 
propagate to 1208 and the latter to a few degrees beyond 
120E. As will be seen later, these two patterns are part of 
the wet phase of two MJO episodes whose main convective 
activity was located south of the equator. 

Figure 18 depicts the CI averaged between 5S to S5N. 
This average takes into account both the winter and summer 
hemisphere convection. The convection here is Significantly 
stronger with more extensive horizontal coverage than from 
the equator to 10N, but again diminishes east of the 
dateline. The strongest convective Signals are the two 
eastward-propagating cloud patterns associated with the wet 
phase of two MJO episodes that extend from the Indian Ocean 
to the central Pacific Ocean in December and early February 
to early March. Westward propagating patterns are also 
prominent in January and early February, a period between 
the two MJO wet phases, resulting in active convection in 
the equatorial Indian Ocean and the Sumatra-Borneo region 
that are not associated with the passing of an MJO (BM/NTR 


1997). 
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Figure 19 shows the convection averaged between the 
equeiar anew 15S. — Thistis more representative of the summer 
hemisphere convection activity since the Australian monsoon 


Erougi axtomeemlOcatecdewitninwonr slightly to the south of 


thiswlatitude band. This chart actually shows many more 
features than the previous two. The convection does not 
decrease east of the dateline, but actually appears to 
propagate into the SPCZ. Two eastward-propagating cloud 


clusters, one in December and the other in early February, 
can be traced across the entire region starting from the 
Indian Ocean, crossing the dateline and continuing into the 
SPCZe Thesé are clear signals of the wet phases of two MJO 
episodes. Compared to the previous two figures, the MJO 
cloud clusters are centered in the southern equatorial belt 
and show persistent convection as they propagate through the 
region. Since the signals disappear beyond the dateline in 
the equatorial section (Figure 18), it appear that the MJO's 
cloud clusters turn southeastward and move into the SPCZ. 
In the meantime, Signals of westward-propagating waves can 
still be seen clearly in Figure 19. The westward- 
propagating waves west of the dateline in early December and 
east of the dateline between mid January and mid February 
appear outside of the MJO cloud clusters. Thus they do not 
seem to be the westward-propagating shorter waves spawned 
From the super cloud clusters of the MJO as reported by 


several previous investigators (e.g., Nakazawa 1988). 
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Rather, they seem to be easterly waves that originated from 
the central or eastern Pacific independent of MJO. Based on 
Figure 19, it can be determined that it took about 35 days 
for the MJO super cloud clusters to propagate from the 
eastern Indian Ocean on the western boundary of the chart to 
the eastern Pacific Ocean on the eastern boundary. 

Liebmann et al.- (1994) reported that the active 
convection areas of MJO's are favorable areas of tropical 
cyclogenesis. They showed that this is simply due to the 
fact that there are more tropical depressions in these areas 
compared to the inactive (dry phase) areas. On the other 
hand, the percentage of cyclone development from. the 
depressions is about the same between the active and 
inactive areas. To study the roles of the MJO in tropical 
cyclone formation, the location of tropical depression 
centers in the equatorial region, whose maximum winds first 
reached 30 knots, are plotted in the northern equatorial 
(equator to 10N) and southern equatorial (15S to equator) CI 
time sections and shown in Figures 20 and 21 respectively. 
At 30 knots the depression is relatively intense but it is 
still below the JTWC definition of a tropical cyclone and it 
will be referred to as a pre-formation center. 

In the northern equatorial belt (Figure 20), three 
depressions that eventually developed into tropical cyclone 
Fern, Greg and Hannah, are shown. THe Lirst two “locde ons 


are near the vicinity of an MJO active area, while the third 


oo 


nS net Mio msoubnernemeaqlacorialebelt (Figuse: 21) faaene 
two MJO wet phases can be delineated by tracing the two 
super cloud clusters eastward through the entire domain, so 
Straight lines are plotted to mark the active areas. It can 
be seen that seven depression centers can be identified in 
the first MJO wet phase and five can be identified in the 
second MJO wet phase. Centers in the first MJO wet phase 
lead to the development of tropical cyclones Nicholas, 
Ophelia, Phil, Fergus, Drena, Rachel and Evan. Centers in 
the second MJO wet phase lead to the development of tropical 
cyclones 27S, Ita, Gavin, Justin and Hina. In between the 
two MJO wet phases, only three pre-formation centers were 
found: one of which leading to the development of tropical 
cyclones Pancho and Helinda is in the eastern Indian Ocean 
near the western boundary of our domain. The other two 
centers, leading to the development of tropical cyclones 
Cillian am@@tareld, ware an the vicinity of the ifcZ arid SPCZ 
where influences of cold surges or easterly waves from the 
eastern and central Pacific are more likely to reach. The 
development of each of these centers will be studied 
individually by examining the daily 1000 hPa wind analysis 
and the CI maps in the next chapter. 

The time sections of CI can help in answering the 
question of whether the northeasterly cold surge events may 
in some way be triggered by the passage of an MJO active 


phase in the tropics. Figure 22 contains each of the 7 cold 


Bo 


surge evensstirom day mitom@day Smelandieated by Sthewblack 
box).  Iteismeclear thatwether thamethe uigith sunge oaeusaigimg 
around middle February, the surges in the South China Sea 
are clearly not "induced" by the passage of an MJO active 
phase. On the contrary, there 1s some evidence that surges 
in the equatorial South China Sea tend to start during the 


inactive phase. 
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Raguce 17. The time longitude cross section of the CI 
averaged over the equator to 10N. 
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Figure 18. The time longitude cross section of CI averaged 
ever 5S to SN. 
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Figure 19. The time longitude cross section of CI averaged 
from the equator to 15S. 
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Figure 20. The same as Figure 17 with pre-formation centers 
plotted by day and longitude. 
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Figure 21. The same as Figure 19 with the MJO boundaries 
(black lines) and pre-formation centers plotted by day and 
longitude. 
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Figure 22. The CI averaged between the equator and 15S with 


South China Sea cold surge events from day 0 to day 5 


plotted in the black boxes and the MJO outlined by black 
lines. 
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VI. TROPICAL STORM DEVELOPMENT 


Now that the South China Sea cold surges and the MJO 
Hesse bec icdentirved, For Ehicepentod ~attention is turned to 
how these and tropical waves may interact, and whether they 
may be associated with the development of tropical cyclones. 
This will be done by examining the daily charts of both the 
1000 hPa winds and the CI. This chapter is divided into two 
parts; the first discusses all pre-formation centers in the 
northern tropics (equator to 20N), followed by a discussion 
of all pre-formation centers in the southern tropics 
(equator to 30S). er the NCEP wind circulation and the 
cloud pattern represented by the CI seem to indicate two 
different center locations, the NSCAT level-2 data will be 
weed tO .veritywmthes locations: In the examination of the 
daily charts, special emphasis is placed ey) mimbatclt ate, 
possible relationships between tropical storm development 
and the transient systems including easterly waves, cold 


surge events and the passage of the MJO active phase. 


A. NORTHERN HEMISPHERE TROPICAL STORM DEVELOPMENTS 

There were 3 pre-formation centers that occurred in 
December and January in the Northern Hemisphere, each of 
them developed into a tropical storm. The development 


sequence of all three are shown in Figure 23 which is 
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comprised of the daily maps from 1 December to January 25 
for the Northern tropics. 

During the first half of December there was a general 
trend of increasing northeasterlies in the equatorial South 
China Sea. Daily charts indicate that the freshening of 
northeasterlies occurred across the entire area between 10N 
and 20N in the diagram, from the South China Sea to the 
central Pacific. Every few days the strength of the winds 
can be seen to diminish but rapidly increases again until 
around 16 December when the first cold surge event as 
defined by the surge index ended (Figure 6). 

The first distinguishable easterly wave in the central 
Pacific appeared in the 1000 hPa wind field on 8 December. 
The cyclonic turning is seen from 6N,163W to 0,167W and is 


labeled A in Figure 23. Wave A continued to move rapidly 


westward along the equator through 11 December, maintaining 
its north-northeast to south-southwest orientation. 
Convection was observed to the northeast of the wave trough 


in a region of speed convergence. On 12 December, A became a 


closed circulation center at 3N,172.5E and continued to move 
westward and strengthened. The strengthening appeared to be 
helped by the increasing northeasterly winds to its north. 
The center was relatively free of convection between 14-15 
December, after which the convection occurred to the south. 


The circulation continued increasing with increased 
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convection as it entered into a region that was the northern 
edge of the MJO active phase shown in Figure 20. B21 


December the maximum sustained winds of A reached 30 knots 


and it was identified as a pre-formation center for Tropical 
storm Fern. Therefore, the development of Fern appeared to 


be associated with an interaction of Wave A and the MJO. 


Starting on 19 December, daily charts indicated a 
freshening of the northeasterlies which occurred from the 
South China Sea to the central Pacific. In addition, 
increased convection occurred to the south which was when 
the MJO active phase crossed the region. As early as 15 
December, a closed circulation feature was seen at 2N, 111E, 
which appeared to be strengthened by the northeasterlies to 
the north. On 24 December, the sustained winds reached 30 
knots and a pre-formation center for tropical storm Greg was 
identified. Since the deepest convection was not located 
near the low-level circulation center, the circulation 
pattern was cross-examined with NSCAT data and the patterns 
agreed. Since the development of this pre-formation center 
seems associated with the strengthening of the 
northeasterlies, it may therefore be related to the cold 
surges. In Figure 23.1 the timing of the center is compared 
with the cold surge index. The Figure shows that this pre- 
formation center occurred on day +5 of the second surge 


° 


Sie i Ga 
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The next distinguishable wave, B, started 22 December 


around 10N, 170W to 5N, 168W. The wave propagated west and 
on 24 December, convection occurred to the west of the 
trough for two days and then by 27 December the wave evolved 
into tropical storm Fern's circulation. As December drew to 
a close, Prere was minimum convection until around 9 
January. According to the Australian bulletins, this 
convection was due to a high frequency disturbance (BM/NTR 
1997). There was a freshening of northeasterlies which 
started on 3 January. As time progressed the 
northeasterlies broadened in longitude and by 8 January 
covered from the South China Sea to 160W between 7.5N to 
20N. Around 13 January, the northeasterlies began to weaken 
across the entire region. | 


Another disturbance, C, was distinguishable on 5 


January. This appeared as a zonally oriented cyclonic zone 
at 3N, 160E-170E. There was minimum convection with this 
system as it slowly moved westward. Convection did not 
generate until 10 January when the circulation became closed 


at 1N, 148E. Wave C then weakened into a trough for 2 days 


and became a closed circulation for two days, and finally 
weakened and disappeared by 16 January. 


The next distinguishable disturbance, D, was located 


through cyclonic turning and convection on 11 January around 


8N, L7SE” “tO 225. 276. This disturbance, oriented 
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northwest to southeast, moved south and became a closed 
circulation on 14 January at 3N, 1575. This closed 
circulation moved westward for a few days, gained strength 
and reached sustained winds of 30 knots on 19 January. It 
became the pre-formation center for tropical storm Hannah. 
The NCEP 1000 hPa winds did not pick up the closed 
ere lat rom oe 20 January, but the NSCAT data showed a 
closed circulation on 19 January (Figure 23.2). 

There are no other tropical storms during this season 
in the Northern Hemisphere, so analysis of the daily charts 
will end here. A brief synopsis of all three pre-formation 
center is provided in Table 2 organized by names. This 
table shows the possible association between the formation 
of each northern tropical storm in this ere and the other 


large-scale transient motions. 
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Figure 23 . Daily plots of 1000 hPa and CI of the Northern Hemisphere. 
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Figure 23 continued. 


12 @ 


12/18 


ee 


V2i2o 


12/24 





teeter LES ee 


dt, 

tt a Nail Erase ed 
ine 1 ik oe aad 
a eee! 


a 


Ar 


ow, et a SS. Py 
gy Lig COREE | WO as Ze 
ote m, a Ye ge he 4 NS ingegs m Z 


XO es 
~ 


“% Tan le a ee 
J rar 
oe CLA A é Cee oP faa 
& A LOSES cP 
de pe . Gg Abd ! % 
brs ey : ™ ‘ ‘i gy a 


a Y. 





a * i 


(MELT 
Wat <n a2 oy a Re i 


or < ae 
a Lt 
= = ae er, er s Tae 





Z2ON 
15N 
1ON 

SN 


ZON 
15N 
1ON 

5N 


20N 
TSN 
10N 

SN 


Z20N 
15N EE GY mm 
yen TRAE. re 
SN i 4; : F Bah ee 


Ln C2. 
A Sis Ts WT peran 





20N nes aa 


5N 





90E 


Figure 23 continued. 
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Figure 23 continued. 
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Table 2. A synopsis of the Northern Hemisphere tropical 
storms; the start of 30-knot winds and the facts associated 


with their development. 
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Figure 24. The Northern pre-formatin centers plotted on the 
cold surge index time series. 
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B. SOUTHERN HEMISPHERE TROPICAL STORM DEVELOPMENTS 


Themed ly sehiarea= ser ENCmmoOUbneLm = nem sphere (rh tcemc 
26) will be used chronologically to discuss the activities 
of the easterly waves, cold surges and MJO's and their 
possible relationship with the pre-formation centers. The 
charts extend from the equator to 20S. 


The first disturbance, easterly wave, A, was seen in 


the wind and CI pattern on 1 December extending from 8S, 180 
to 15S, 170W. The trough moved slowly to the southwest and 
strengthened into a closed circulation center on 2 December 
at 10S, 178W. Convection remained to the east of the trough 
axis. The circulation weakened on 5 December and by 7 
December, the wave disappeared against anticyclonic turning 


from the south. On 6 December, the second disturbance, B, 


propagated into the domain. The disturbance began around 
10S, 160W and became a closed circulation 24 h later. The 
Breve eossOclated With Strong Cenveetion tOmtie mMereicast Of 
the wave trough, continued to strengthen and moved 
Ssouthwestward until 9 December where the propagation turned 
westward and the closed circulation became an open trough. 
Between 10-16 December, the convection stayed intense while 
the circulation pattern alternated between an open wave and 
a closed circulation. The convection to the east began to 


weaken on 15 December. B continued to:move westward until 


G3 


it became stationary on 19 December for a few days. Le 


eventually was merged by another wave from the east, C, 


which will be discussed later. 


While wave B was propagating westward, two pre- 


formation centers were located to its west. Both centers 
developed in the monsoon trough to the northwest of 
Australia. The first pre-formation center later developed 
into tropical storm Nicholas, which began as a tropical low 
in the northern Gulf of Carpentaria in the developing 
monsoon trough (Darwin Tropical Diagnostic Statement 1996). 
This storm formed in an area of increased convection which 
was part of the super cloud cluster during the active phase 
of the MJO depicted in Figure 21. In addition, as discussed 
in Chapter 6A, there was a sustained cold surge in the South 
China Sea during the first half of December. In”Chapter IV, 
the composites of 1000 hPa winds indicated that during 
surges the Southern Hemisphere tropics tends to contain a 
Sthouguhenimg ot the cyclome/anticyclone pair temthe wesemes 
Australia that gives rise to a favorable condition for 
cyclone development in the vicinity of the formation of 
Nicholas. Thus, both MJO and cold surges may be related to 
the formation of Nicholas. 


The second pre-formation center to the west of B 


developed one day later, 10S, 108E on 14 December, also in 


the area of MJO convection. It became tropical storm Ophelia 
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almost immediately (BM/NTR 1997). The timing corresponds to 
day oe or themitirsiesoutheGhinay Sea cold surge {Table - 
Ticwlocamren = Ou rhs .poenarien center is near the 
northern fringe of the cyclonic area northwest of Australia 
shown in the day 5 cold surge composite (Figure 16 and Table 
ai). Thus, it is possible that it may still be related to 
favorable conditions following the development of the South 
China Sea cold surge. 

The next pre-formation center reached sustained winds 
of 30 knots on 23 December which led to the development of 
EuOptcal wSeormuaail. slteoccummed inothesmidalesof theyactaive 
convection area of MJO at 11.9S, 138.2E. This also 
corresponds to day 4 of the second cold surge event in the 
South China Sea (Figure 16 and Table 1). | 


Wave C developed around 16 December with an axis 


extending from 0, 178W to 8S, 175W. It moved rapidly west- 
southwestward generating a great deal of convection on 19 
December northeast of its axis. Its circulation caught -up 


with wave B on 20 December and continued to intensify. By 23 


December the circulation also reached pre-formation status 
and eventually became tropical Storm Fergus. Thus day 4 of 
the second South China Sea cold surge can also be related to 
this center. The location of the development was in the MJO 


active phase as depicted by Figure 21. 
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The development of the pre-formation center for Fergus 
Efollowed by two days that of the Northern Hemisphere storm 
Fern. After Fergus formed, the 1000 hPa flow for the 
equatorial region began to resemble a slanted double vortex 
Gonftiguzationss The evolution of the flow trom 23 tome 
December is shown in Figure 26.1. Several previous 
investigators (Anti. Keen 1992; Ferreira et al. 1996) have 
pointed out the importance of cross-equatorial influence Ol 
MJO equatorial westerly wind burst that resulted in the 
development of a pair of tropical cyclones that straddle the 
equator. The pair may appear as a double vortex that is 
either north-south aligned (centered on the same longitude) 
or slanted (centered on different longitudes but the 
northerly cross-equatorial flow appeared to connect the two 
circulations). However, in the present case the development 
of the southern storm appeared to be influenced by several 


factors: wave C, the MJO, and the surge, plus the slanted 


double vortex configuration did not become mature until 
several days (27 or 28 December) after the formation of the 
southern storm. Thus, although a double vortex was 
observed, the tropical cyclone formation itself was not 
Simply due to a "double-vortex mechanism" as proposed by the 
previous studies. 


Another wave, D, transversed into the region on 20 


December and oriented from 10S, 178W to 8S, 162W. Wave D 
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Tas esamely a Mlow-lewelm@ feattmem and wed not have Many 
significant convection associated with it. This disturbance 
moved west and by 25 December merged with tropical storm 
Fergus' circulation and became part of it. 

The next easterly wave to cross into the region 


occurred on 27 December. Wave E's trough axis was located 


Vitwietehen © OUCereature Lrom 25S, 162 .5W to 12.58, 162.5W, 
and it propagated quickly to the southwest and moved into an 
area of convection coming from the south. On 30 December, 
the wave merged completely into the super cloud cluster of 
the MJO (Figure 21) and the circulation became closed on 31 
December. “The system continued to intensify and on 2 
January, the circulation reached pre-formation status and. 
eventually became tropical Storm Drena. Another pre- 
formation center also formed on 2 January to the west of 
Duenasat 11.35, 131:.9E which later became tropicals siomum 
Rachel. The formation of Rachel in the monsoon trough 
appeared to be largely a result of the passage of the active 
phase of the MJO, without any contribution from easterly 


waves or cold surges. 

Wave F began on December 30 with ample convection and 
with its trough axis located at 10S, 162.5W to 15S, 160W. 
This axis was determined by both the cloud signature in SI 


and a cyclonic curvature in the NCEP wind field. The cloud 


feature stayed to the northeast of the cyclonic trough axis 
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as the Gisturbamee continued EO move Sovthweste foremnoreweaan 


10 days. At the same time wave F was moving in, there was 


an increase in the cross-equatorial flow starting around 3 
January. In addition, the cyclonic activity to the west and 
east of Australia strengthened until approximately 9 
January, when it strengthened to 30 knots and became the 
Pree termaction Center for Evan: The timing corresponds to 
day 6 of the first South China Sea cold surge (Table 1) and 
the MJO was also reaching the vicinity of the disturbance 
(Parole 9219) Thus, it appears that the formation of Evan 
was related to the development of the South China Sea cold 


surge, the MJO active phase and wave F. 


The next storm included in Figure 26 developed in the 


open Indian Ocean away from most of the other formation 


areas. According to Darwin Tropical Diagnostic Statement 
(BM/NTR 1997), it developed from a "high frequency 
disturbance" in January. Pancho/Helinda had a convoluted 


track for two weeks and did not interact with the MJO, 
easterly wave or a South China Sea cold surge. During the 
remainder of January the entire region was under the 
inactive phase of MJO and there were also no discernable 
easterly waves, although a cold surge started around 24 
January (Table 1). 


The next discernible wave (G) moved in from central 


Pacific on 4 February, and its trough axis was oriented from 
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eee = ©6LtOlCUCdL2 SS, Ieee. This wave moved to the west- 
southwest and became a closed circulation on 6 February and 
then began to weaken. The trough joined with a tropical low 
in the SPCZ and seemed to contribute to the spin up of a 
pre-formation center later named tropical storm Gillian. 
DiGing ethemcar jakeantor  srebruaryethe active phase of MJO 
was still in the Indian Ocean and had not reached the west 
Paci flemiree mises? Im ieretore, thesdevelopment Of the -pre- 
formation center for Gillian was attributable to the wave 
disturbance only. 


Wave H was seen in the convection field first on 7 


February. This wave moved rapidly to the south and west 
toward the SPCZ. An increase in the cross-equatorial flow 
from a northeasterly cold surge began on 10 February and 
appeared to increase the cyclonic circulation of the SPCZ. 


As has been seen in previous disturbances, wave H was also 


associated with convection to the east of its trough axis. 
On 16 February its circulation enhanced and became a pre- 
formation center that developed into tropical storm Harold. 
It also appeared that the increased cross-equatorial flow 
around 140E-150E contributed to the spin up of the tropical 
storm. It is interesting to note that 16 February 
corresponds to day 6 of the fifth cold surge identified in 


Table 1. 


oo 


The next wave, I, was first identified on 12 February 


when its convection can be seen on the eastern border of our 
area of interest. The low-level circulation became stronger 
on 14 February and moved southward out of our region by 18 
February without becoming a pre-formation center. 

The cifth cold surge that started on February 10 was 
followed by more than one pre-formation center. In addition 
to the pre-formation center for tropical storm Harold in the 
SPCZ region, the strengthening of the cyclonic circulation 
to the west and northwest of Australia appeared to have also 
affected the development of tropical storm 27S. The 
eee temas was interrupted temporarily between 12 and 13 
February buc resumed afterwards. The cyclonic circulaticoneees 
the west of Australia reached maximum intensity around 19 
February, which was the last day of the surge event with the 
South China Sea surge index reaching -9 m/s (Figure 6). 
During the same time, the active phase of the MJO was also 
moving into the region from the Indian Ocean (Figure 21). 
The conditions became conducive for a pre-formation center 
to develop and tropical storm 27S formed on 16 February. It 
reached a sustained maximum wind of 45 knots for four days, 
but it never became a named typhoon. 

The third pre-formation center that may have been 
affected by the fifth surge event identified in Figure 6 was 


at 15.9S, 148.2E which led to the development of tropical 


a0 


storm Ita. This storm reached sustained winds of 30 knots 
ences February. iewthis time; the fifth surge has alzedgdy 
passed its maximum and the northerly winds in the South 
China Sea had retreated somewhat, but the surge index wind 
was still very strong, at about -7.8 m/s (Figure 6). 
Therefore both surge and MJO may have played a role in the 
development of this center. 

Toward the beginning of March the MJO moved beyond the 
immediate vicinity of the maritime continent into the open 
western Pacific (Figure 21). Around 1 March there also 
appeared to be an increased cross-equatorial flow and an 
increase of wind into the SPCZ, which were apparently 
related to the sixth cold surge defined in Table 1. A pre- 
formation center at 9.1S, 172.0E, later named tropical storm 
Gavin, appeared to spin up as the result of the enhanced 
conditions produced by the cold surge and the active phase 
of the MJO on 3 March in the central Pacific. 

Further to the southwest, another pre-formation center 
at 17.2S, 156.1E developed in the SPCZ. This storm was 
later named Justin and also appeared to be associated with 
both the increased convection from the MJO and the increased 
cyclonic circulation in the SPCZ area being forced by the 
sixth event shown in the South China Sea cold surge index. 
The last pre-formation center of this season occurred on 12 
March at 12.7S, 175.9E during the active phase of the MJO 


Cat iiieeme2 1) It became tropical storm Hina 24 h later. 


Wel 


This» pre-formataem center developed jim sthe awake (OE wt neemea: 
Cyclone Gavin, which had moved southward of 20S on 8 March 
but appeared to leave a remnant of cyclonic circulation in 
the form of a wind trough that extended northward from its 
center. Several studies (Frank 1982, Briegel and Frank 
1997) have discussed that in the wake regions of tropical 
storms that from in the monsoon trough, the conditions are 
favorable for subsequent topical cyclogenesis. 

A double-vortex configuration can be seen on the 1000 
hPa wind field of 17-18 March. The development of this 
configuration may be traced back to the evolutions of three 
tropical storms: Gavin, Justin and Hina, from 7-18 March 
(Figure 26.2). On 7 March Gavin was centered approximately 
at 17S, 177E and Justin was centered at 17S, 153E. The two 
storms appeared to produce a partial Fujiwara-like effect 
such that Gavin was steered southward out of the map on 12 
March, apparently with the help of the strong northwesterly 
cross-equatorial flow associated with the surge in the 
western Pacific. Meanwhile, there was little effect on 
Justin whose center stayed nearly stationary. On 12 March 
the pre-formation center for Hina developed near 12.7S, 
175.9E and formed a new "Fujiwara-like" pair with Justin. 
Hina waS again steered by the northwesterlies associated 
with Justin and the cross-equatorial flow, in this case 
southeastward along the SPCZ. In the same time, a cyclonic 


circulation developed north of the equator starting from 15 


a2 


March so that by 17 March a double vortex pattern appeared. 
The southern vortex was Hina, but the northern vortex was 
weaker and did not develop into any tropical storm. This 
was the second double vortex that occurred in this season, 
and it did not seem to be a mechanism for tropical cyclone 
development. 

The timing of the pre-formation centers that have been 
associated with the cold surge events is plotted on the time 
coordinate of the South China Sea surge index and shown in 
Perciiiae 2 / i Here it is seen that five of the seven surge 
events are related to the development of one or more pre- 
ROnMat LOM | Cem eemcr Oo eee hie fourth and the seventh surge 
events are not associated with pre-formation development. 
The fourth surge, during the last 10 days of January, 
occurred when the entire domain was under an inactive phase 
of MJO (Figure 22). The seventh surge occurred at the end 
of the season and also during an inactive phase of MJO. A 
synopsis of the analysis for all the pre-formation cases is 
Summarized in Table 3, where the possible association of 
each case with the three types of transient motions, MJO, 
cold surge and easterly wave, are identified. There were 15 
storms that formed in the Southern Hemisphere during this 
season and 12 of them appeared to be associated with the 
active phase of the MJO. Out of these 12 formations, only 
two, Rachel and Hina, formed without apparent influences 


from other transient systems. In two other cases, Fergus 


5 


and Evan, all three types of transient motions appeared to 
contribute to the pre-formation centers. Among the 
remaining MJO-related formation centers, seven were related 
to cold surges (Nicholas, Ophelia, Phil, 27S, Ita, Gavin and 
Justin) and one(Drena) was related to an easterly wave. Of 
the three non-MJO related formations, two of them (Gillian 
and Harold) were identified with easterly waves, with the 
latter also related to a cold surge event. Only the 
formation of Pancho/Helinda, in the open Indian Ocean away 
from the vicinity of the maritime continent and Australia, 
was not related to any of the three types of transient 


motion in Table 3. 
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Figure 26. The daily 1000 hPa winds and CI charts for the 
Southern Hemisphere. 


1 


aad 

de 

Whe 
fe 


5 ay . a sD “s 
ea, pee “' sh ANS, es ae 
TF eS 


cat er OR ER _ 





a me was ty 

r r “4% 
ve eee de Ene 

at i | | eT E 
aa einige. * ? 
a ie eegedl vane 
Lan S in whe” 


hy 





on 
? : 4 Oo =a « ak 
10S By no os ars eka 
i 4 Pam) eS, wa 


123 . SEEN 
20S : , 





0 NICHOLAS _ 
Sit oa tae eh TO = 
ae ee pe — 4 Ey ; = 2 






re 
ry a 


2 dacgccane iS 


* 


J 


6 


ios & ip ae 


12/14 ad NO Nuh Gi 


ce oar oh Te eg a all ge. 
0 eo rmmEee uo: 
a, 2 Xo ys eae po 
rE Clem ed | gt ieee cs 
nae ae Tete ph ENG a % *~ 
Py BRN NY Pa a ee 
= oy 


Pi 


ee 









~+ ' 
aks 


wx 





O SR RE Se oe. ES ee sites 

10S LOI me ee. RR e < Ss : eres 
12/16 a8 1% a 7 4 ; 4 SSS : TERS 
S0E 120E 1SOE 180 160W 


eo 





Figuie 2omeomelmued. 


76 


Reon, re le Lu SSR . ete 
axe LE ISES oS RRR EE 
«i , ae Oe ae ae that 
or Nec OS 
= = LR 
S-- SSSSSEE 
1 A —_— " . 


a aS ~ 
LES wenn A 


ae Lm : 
wee “ee 
‘ Een 
w. 2 Me 

, & 
Ae 

i> we, 

fey * 


A ee 
aa Seay a MS eS 
EN na 





OOF 120E is0e- 180 160W 


Eraure 26 Cone nnued . 


TS 


RANE NERO EES 
ee ae ae 3" = 
rs ee Ne ca SA Rave h on 


a. 


eee aa 


Se tides = 


Figure 26 continued. 
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Figure 26 continued. 


80 


118 





Ye a 
oe 


3 ho fe oe r ra, ome — 4 : . ie al ll eal > Cian = 
10S SWANS =e 


5 Sally Beg a A aie an —_ ae 
i -) " in ¢ o ify sity / ¥ = a " }- é Oo —_-. it oe 
1/19 Be PRE a , 
20S 
0 





: fae a : A 5 MG ame 


PANCHO/HELINDA 


EF, LG. men 
ERE ay a 








1/20 


1/21 


1/22 


Teg Be 

Veg SY Oe ts 
¥ lax. <" a 
Se HS 


PS ete 


“en 
$ ~ + 


ie 


os 
“4 
f 
% 


Me he 
ae ~ eee, 
AOLK LES 
Bier ree, a é 


1/24 


iv2e 





Figaice -26meont inuwec . 


Bal 


1/26 


ee 7h on el 
Mf ala ears aml e Pf Sig ew ; 
et ie te a We 
a é ~ 7 


1/27 


1/28 


ITE UE 


yee hy 


Cad” 


1431 

















"i Soe eae 
~~ Se OOO 
“ a! cena) 3 BT Py é AER oe ‘ 
a MOAB 


| Say a Acetate 










af | 





™ 


“A a 
PS Seh 


—, 
SANS oy 


ES 


ete 


Figure 26 continued. 


82 


r ig POO SG rs eee 4% F - = : % 
aes. <e aw Ks ID Pg +, alga 
5 eA : 
2/3 iz 


. re 
2 x 


‘- = 3 
gd Pabst 
* + 
4 io ik 
e = ol oad 


2/4 


2/5 


2/6 
























0 Me te, WPS = . owe 
SEE SPER TOY ; - 
ole Fok ws 2 Ee dieters 
Fray a ngiiy” Me OE mene LR Tec ane 
, re a Te. ve oe ae A or ui a “= + 
y eT 0 on, ‘ae bade +s . 
ee i Sree * S See St, ee 
el! a, : ae aa oh 
ca od - . Sere A 
2m Rees. , 


2'6 





| wy i J e 
eee = 
2/9 Ce Ne oR oe 


ee a in ail a hia Soe 
ap ane gl nna ti las 
4 a Pe oo ALS 2 , 5 
NEO U foe - 5 ee 
r my ag” —e a7 é 
2/10 c re 





GILLIAN 


Figumse 26 Gont imued . 


83 


a a <e eA ei Sa 
a 


chia 





ar a at al 7 
~ ee) St ee a at 
gras * BR esate ag 


den” 
ee - ‘> : - Mais “05 - oe 
; has ae Mm So Sa Sale oe : mts 
sr ea ws ; t "i 
ee 
" ec =>. aa. 


; ° 
mr Se. 
a OE, 
= - , al oe Fh eae iz amy 









212 





eile 


b ioend rong yen 


" om! ae Pet = 
a we F ¢ = 


=, ot 
2/14 So ne EOE 
ES Sa cee 
Feith, 


= == 


Uo eer nt a taal a al 
a Eee 
| a a Ae ae ad Ace 


esa 





" é pe. mee dy pi 


Tee 
Sie, ; we, 1 lh a 4 rie tte 


2/16 









SUID AST RED 
ae Saas 





en? 


ere 7 we 


ox 8 FRITS Gasmee 2 " 

ae 8 ae oo eX eS he: 

ee ae ( oS 2 : > 

2/18 


180 160W 


Figure 26 continued. 


84 


io: SER OA 


! Sy Th ¢ 





INVERT BS 

Sb LOR eg oyu * Ge Mtn wn a te tg 
7 ne > pa + 
‘3 


ale | 


aie 


24/23 


2/24 


” 


: ae 2 
Ei iieceda ete 
: need Aeon 
i ee CRA cE aS cane ig ae 
2/25 bea ey ye eR RSE tn 
By me ee a é y ¥ Yat, iP hw ; 


* 
Fe 
eg 


2/26 





Figure 26 continued. 


85 


ted 


2/28 


3/1 


3/2 


3/3 


3/4 


3/5 


3/6 


Figure 26 continued. 











_ % ees «henge oF By 
Ss See 
cate Neg Sige A ae 

x aint I 


a vat ewe 
pie 2%) 
ee 


+ 


= 
‘ ek ra HEN, 4 , 
f aye 
Wwe ti oe c 
cA Oe a 


“150E 180 160W 
TIN 


86 


3/7 


3/8 


3/9 


3/10 


37 


3/12 


Sf 





ios Kees Cae SR ge. 
3/14 SSSA SF St RR SR Ae ee 
TAN S . we '? Fa RE * Sc eee 
20S i ~ ‘' i tt let pil Pa EN ge \ SENN Bo 


0E 120 150E 180 160W 


Figure 26 continued. 


Sey 


ee ee Sia a 

Be te eee 
Sis SSS SSS aN 
Sabie 


3/16 


3/1e 


TS 


a als 
3/18 I 


eae ya se 7 
NN 447 Fin Fe 

4 ie, ty, ast 
ri i: amr. ! * ba 


Sila 


3/20 


SIZ 








Figure 26 coneimued . 


88 


0 7 Mini ee : 
os “7 RIESE es : ; 
ee Se eer ap 


oe 


are aS oe el aie 


ek ane 


3/23 





= 5 Rit een Pa wee 


10s SS 





3/25 


Ne a Te 
ee . i os Oe i 
- - 


ae 


3 
ae OEE 
ON keer oF at ~ 


e dle: Giga I il r 
yo = pee 
Wee eer PE ot 


_ J. we eee a n 


Bes hic =e aig! 


Pee ee F 

ch a ee 
ieee Ce 
eet ere Sh 


FO 


one Po Ta 


S0Ee 120E ge 180 160W 





Figure 26 continued. 


89 













10S 
20S 


30S 


20N 


Figuces26—2) 


% <a / it } ‘tC 
ee IO 7} | fii. 
=~ Ay 4 7. ft B.S 
< os 


- 


ate Ga ae - 1 se ~— econ . 
<< Se ee ee 
aS NR ce 
o sa Sees She N faut yy ——— 

oo 





an Tail i 


=: 
SSSR NO 
SS S SS A 
7 


180W 160W 






Ree = 77 PAN Sa BR: 
‘ i a \ ‘ 

7 He, ep epee ey AP PY oe 

Re de - s = fs re mnt 

eae ee eT 

) ee ee wy. 

ro a ee 

re ee —— 

pet ees PONS se... 

: e : 

>the 


150E 180W 160W 













a a ee : Pe RE NN ny ey: 
Swe LESSORS 
Hy, ly ori hy 


i 

I 92 lg a: 
~~ a 

Dos os , He See 


180W 160W 


NCEP 1000 hPa winds from 23-25 December to 


show the sequence of the MJO "double vortex" signature. 
pre-formation centers and continued development are labeled; 


G Les Greg, 


P fOpeena land F “for Beraus . 


90 


The 







FPL GOL GRRE 
MAN Hei ee 
Mie : 


120E 180W 160W 

















20N Ne RR ee yey 
IY; ¢ “ f if A ‘ 
{; . ley i ' PEE . ee ’ ; 
ce mae 







5 i a = 
® - Zs 2 ; Sc . 
o Mem ee . C = . wet he tlm. . 
Sa 
>» > eal ~ \ Fe 
Ee eT OTN 
Se . : Tee EO 
S a 


“ —~ *\) ‘ 
SEN 


eae aS Se AN aN i af 
z . ; * <— eee Sp Ate \ \ < mie ae a mN: 
205 RN REE RRR 


150E 180W 160W 


ZONE 
jae ae 
om CGy aaa: 


f 
ita 
Rens 2) 





. . . pees i 
: See “Ye os, oe 
ee eee wer 4! 
SN ea Ah Med i 
. ee 


AVS + em em em ae Pen eas 











be ' , - a eh : : 

; Bis} ¢ Stee 7 ‘ a. ; 
RS % nN ». EIT = At on SA aXe 7 ¥ ; : e 
SS ANF Pe eS 27 TY RUN hee 
SWE GREY ERR ESS 


90E 120E 150E 180W 160W 


en 


Figure 26.1 continued for 26-28 December. 
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Figure 26.2. NCEP 1000 hPa winds from 7-10 March to show the 
sequence of the MJO "double vortex" signature. As in figure 
26.1, labels are J for Justin, G for Gavin and H for Hina. 
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Figure 26.2 continued for 10-12 March. 
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Figure 46-2 Continued £or 16-18 March. 
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Association 


a ee es 
[Ophelia 12714796 | 70.08 708.0E |X [XS 
Phil fanares | 74.98 7982E | XX 
[Fergus tases [737s tee7e |X| x | x 
[Rachel | Wam7 [7iastise| XS 
[—Drena___| Ware7_[ ies ease | xX | dS 
Panchomeinda | W997 | S1S962E | | SSCS 
[Gillan [aio [asaaate 
Harold arieer [7448 16726 | XX 
2s arisey_ve2stia7e| x | xX) dS 
a are ass 482 XX 
[Gavin | 3RR7 [is i720 |X | xX [CS 
—iistin | 367728 eee [XX 
[Hina ara | ra7st7s9e [XC 





Table 3. A synopsis of the Southern Hemisphere tropical 
storms; the start of 30-knot winds and the factors 
associated with their development. 
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VII. SUMMARY AND CONCLUSIONS 


This study used the GMS water vapor IR data, NCEP 1000 
hPa wind reanalysis, and NSCAT surface wind data to examine 
the evolution and possible interactions among several large- 
scale transient motions in the tropical convection region of 
the northern winter (southern summer) monsoon during 
December 1996 - March 1997. This region includs the areas 
surrounding the maritime continent, northern Australia and 
the equatorial West Pacific,. During northern winter the 
seasonal-mean convection in this region is organized into 
the ITCZ just south of the equator and the SPCZ, with the 
former often influenced by low-level cross-equatorial flow 
from the north and the latter characterized by strong low- 
Nea Daren (ollleynhilet= tonal aul cnhien ey Tropical cyclones often develop 
in these convergence zones. The large-scale transient 
motions include the Maddan-Julian Oscillation from the 
equatorial Indian Ocean, the northeasterly cold surges from 
the Northern Hemisphere, and the synoptic-scale equatorial 
easterly waves propagating from the central or eastern 
Pacific. Previous studies :(Liebmann et al, 1994) have shown 
that development of the tropical cyclones tends to 
concentrate in the active phase region of the MJO. In this 
study we focused on the possible roles of the different 
transient large-scale motions in the development of the 


tropical storms during one season. 


o9 


The cold surge from the northern midlatitudes covered a 
wide longitudinal band of the subtropical northwestern 
Paeiiac. When a strong event approached the equator it 
tended to split into two branches, one in the South China 
Sea andthe “other “east “of Philippines and “Serpneo. The 
meridional wind at 7.5N in the South China Sea was used as a 
surge index to identify these major events. A total en 
seven events were found, and composites of 1000 hPa wind 
fields from four days before to five days after the 
beginning of surges were constructed. The results indicate 
that systematic large-scale changes in the southern tropics 
occurred as the surges peueioor such that the low-level 
vorticity tended to intensify to the northwest of Australia 
and in the vicinity of the SPCZ. This evolution makes these 
two areas more favorable for tropical cyclogenesis during 
the strong surges. 

Two active phases of the MJO system moved across the 
region during the season. The first started in the eastern 
Indian Ocean in early December and moved to the eastern 
Pacific in late December. The second started in the eastern 
Indian Ocean in early February and moved to the eastern 
Pacific in early March. A total of 18 “tropical “stem 
formed between 18S-10N, with three in the northern tropics 
and 15 in the southern tropics. As was reported by Liebmann 
et al 1994, most of these storms developed in or near the 


MJO super cloud clusters. However, most of the development 


100 


also involved other motions systems, including the cold 
surge or the synoptic-scale easterly waves which propagated 
into the region from time to time on both sides of the 
equator: 

Liebmann et al (1994) reported that more tropical 
cyclones developed in the active MJO areas not because of a 
higher percentage of development from tropical depressions, 
but rather because of the fact that more depressions existed 
in these convective areas. To examine the process leading 
to increased formation of tropical depressions, a pre- 
tropical storm formation center was defined when the maximum 
Sustained wind of a tropical depression first reached 30 
knots, this is still less than the definition for tropical 
storms. Based on this definition, it was determined that 
within the winter monsoon convection region, two of . the 
three Northern Hemisphere pre-formations and 12 of the 14 
Southern Hemisphere pre-formations occurred in the MJO. Of 
these, only one northern storm and two southern storms did 
“not involve the cold surge or synoptic easterly waves. The 
most frequent occurrences involved the interaction of MJO 
and cold surges, followed by the interaction of MJO and 
easterly waves. In two cases all three systems were 
involved. Furthermore, both of the two southern storms that 
developed outside of the active phase of MJO involved 
easterly waves, and one of them formed under cold surge 


conditions. It thus appeared that the active phase of MJO 


nial: 


alone does not by itself give rise to most of the tropical 
storm formation. Rather, the cold surges from the Northern 
Hemisphere and the series of equatorial synoptic easterly 
waves propagating from the eastern or central Pacuiuae 
provided additional mechanisms for development. 

The equatorial westerly burst and associated cross- 
equatorial flow have been shown to cause double-vortex 
fFenmation in whiteh a pas& of cyclonie™@vortices straddle vere 
equator and led to the development of twin cyclones, 
particularly nearwthe datelmine (e.g-, Keen 1992; rerrelraves 
alegee9 6). In the 1996-1997 season two short periods of 
double vortex configurations were found in the 1000 hPa wind 
fetuses. The first occurred around 27-28 December and 
consisted of the northern tropical cyclone Fern and the 
southern tropical cyclone Fergus. However, close examination 
revealed that the two storms formed in different processes, 
in particular Fergus formed two days after Fern as a result 
of MJO active convection, a cold surge and an easterly wave. 
It was several days after both cyclones developed that they 
move sufficiently close to result in a flow configuration of 
a northwest-southeast slanted double vortex. The other 
double vortex pattern occurred on 17 March after a complex 
evolution of the development of three tropical storms, 
Gavin, Justin and Hina, all of them in the southern tropics. 
Eventually Hina became the source of the southern equatorial 


vortex, and a weak northern circulation developed to its 


102 


north but never reached a stage close to a tropical storm. 
Therefore, in both double vortex cases no cyclones formed as 
a result of the MJO "double-vortex" mechanism. 

In order to verify these relationships, further studies 
during this season need to be done. In addition, possible 
usage of other levels and satellite data to confirm these 


relationships might be useful. 
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